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We report evidence for spin-rotation coupling in p-wave Feshbach resonances in an ultracold
mixture of fermionic 6Li and bosonic 133Cs lifting the commonly observed degeneracy of states
with equal absolute value of orbital-angular-momentum projection on the external magnetic field.
By employing magnetic field dependent atom-loss spectroscopy we find triplet structures in p-wave
resonances. Comparison with coupled-channel calculations, including contributions from both spin-
spin and spin-rotation interactions, yields a spin-rotation coupling parameter |γ| = 0.566(50) ×
10−3. Our findings highlight the potential of Feshbach resonances in revealing subtle molecular
couplings and providing precise information on electronic and nuclear wavefunctions, especially
at short internuclear distance. The existence of a non-negligible spin-rotation splitting may have
consequences for future classifications of p-wave superfluid phases in spin-polarized fermions.
The notion of spin-rotation (sr) coupling in diatomic
molecules dates back to the early days of quantum me-
chanics, first being introduced by Friedrich Hund in 1927
to explain the multiplet splitting of rotational levels in
nonsinglet molecular states [1]. It is caused by the inter-
action of the electron’s magnetic moment with the mag-
netic fields created either directly by the rotating nuclear
charges (first-order contribution) [2], or by the distorted
electronic orbits due to the nuclear pair rotation induc-
ing an effective electronic spin-orbit interaction (second-
order contribution) even for states with vanishing elec-
tronic angular momentum, like, e.g., 3Σ molecules [3].
Another important effect determining the fine structure
of rotational levels in molecules with unpaired electrons
is the spin-spin (ss) interaction, which also arises from
both a direct interaction (magnetic dipole-dipole interac-
tion (mDDI) in this case) and a second-order contribu-
tion (electronic spin-orbit coupling) [4]. The first-order sr
interaction involves a magnetic dipole moment induced
by the rotation of the nuclei, while the mDDI is directly
proportional to the electron’s magnetic moment. Thus,
the relative strength of sr interaction relative to ss scales
as the mass ratio ∼ me/mp ≈ 5× 10−4. For the second-
order contribution, the relative scaling can be estimated
asB/A, whereB is the molecular rotational energy andA
so coupling constant [5]. Generally, except for very light
molecules like H2, the second-order effects dominate in
deeply bound non-singlet molecules.
One may now wonder whether these interactions have
measurable consequences in very weakly bound molecular
states as encountered in magnetically tunable Feshbach
resonances (FRs) in ultracold collisions between neutral
atoms [6]. The couplings due the electron’s spin magnetic
moment are only present in collision channels involving
the a3Σ+ triplet molecular ground state. In fact, ss in-
teraction gives rise to a well-established doublet (triplet)
splitting in p-wave (d-wave) FRs [7–9], with an observed
degeneracy according to the projection |mN | of pair rota-
tion angular momentum N along the external magnetic
field. As an example related to our experiments, the ss
splitting of p-wave FRs in 6Li-133Cs system was deter-
mined to be ∼ 400 mG [10]. Due to the large internu-
clear distance, the rotational energy B is below 1 GHz (in
units of Planck’s constant), while the spin-orbit coupling
constant A approaches the atomic value. Thus, the ratio
B/A ranges between 10−2 for 6Li and 10−5 for 133Cs, sug-
gesting that not only first-order, but also second-order sr
coupling can be safely neglected as they would lead to
additional splittings far beyond the magnetic field reso-
lution in a typical ultracold-atom experiment exploring
FRs (for details on the sr coupling estimation, see [11]).
In this letter we present high-precision atom-loss spec-
troscopy on magnetically induced p-wave FRs in an ultra-
cold mixture of 6Li and 133Cs atoms. Around magnetic
fields of 658 G, 663 G, and 709 G, we find a splitting of
the p-wave FRs into a triplet structure, resolving all three
projections mN = −1, 0,+1 of the rotational angular mo-
mentum N = 1. Based on a full coupled-channels (cc)
calculation the observed splitting can be attributed to
the ss and sr interactions corresponding to energy scales
of 0.01B and 0.0005B, respectively (B = h × 288 MHz
is the rotational energy of the least bound vibrational
state of the LiCs triplet ground state). Although the
wavefunction of such a weakly bound molecular state is
centered at large internuclear distances, it turns out that
second-order effects involving spin-orbit coupling, which
are significant at small internuclear distances only, need
to be included to fully describe both the observed ss and
sr splittings [11]. Our findings demonstrate once again
that high-resolution Feshbach spectroscopy exquisitely
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Figure 1. Li-Cs p-wave Feshbach resonances in the Li|1/2,−1/2〉⊕Cs|3, 3〉 channel observed in the remaining fraction of Cs
atoms after a fixed holding time. (a) Triplet structure observed in a p-wave FR close to 709 G (holding time 1 s). (b) Doublet
structure observed in a p-wave FR close to 764 G (holding time 5 s). Loss of the Li atoms shows identical resonance features.
The magnetic field is randomly sampled and we reduce the field step size from 8 mG to 2 mG around the loss features. The
solid lines are fits of a multi-peak Gaussian function. The assignment of ml is from cc calculation assuming a positive γ (see
main text).
provide accurate information on the various angular-
momentum couplings as well as the nuclear and electron
wavefunctions in a diatomic molecule, especially at short
and intermediate internuclear distances.
Our experimental procedure is similar to the one pre-
sented in Refs. [12, 13]. We prepare an optically trapped
ultracold mixture of fermionic 6Li atoms and bosonic
133Cs atoms by means of standard laser-cooling tech-
niques. The Cs atoms are optically pumped and spin-
polarized in their absolute ground state |f = 3,mf = 3〉
during degenerate Raman sideband cooling [14] and then
loaded into a crossed optical dipole trap. Here, f and
mf refer to the total angular momentum and its projec-
tion on the external field axis. Subsequently the spin-
balanced Li atoms in the |f = 1/2〉 manifold are trapped
in a second, cigar-shaped optical dipole trap, located ap-
prox. 1 mm away from the Cs cloud. The two atomic
species are evaporatively cooled for 3 s separately at a
magnetic field of 818 G and finally combined in the dipole
trap at a magnetic field of 907 G. The Li atoms are spin-
polarized by removing one of the spin states with a short
resonant light pulse. Finally, 5 × 104 Cs and 3 × 104
Li atoms in their respective spin states are trapped at a
temperature of 430 nK for the p-wave measurements.
FRs are identified as simultaneously enhanced atom
losses in both Li and Cs after an optimized holding time.
In Fig. 1 we show typical loss features in the measure-
ments of the remaining fraction of Cs atoms at randomly
sampled magnetic fields. The loss of Li atoms showing
identical resonance features are presented in Ref. [11].
We assign each loss peak with quantum number mN ,
according to the cc calculation. The resonance posi-
tions BemN and widths σmN are extracted by fitting a
(multi-)peak Gaussian function. Figures 1(a) and 1(b)
show two p-wave FRs close to 709 G and 764 G with a
triplet and doublet structure, respectively. In total, the
triplet structure is observed in three p-wave FRs close to
658 G, 663 G, and 709 G, while it is not resolved for the
714 G and 764 G FRs (see Ref. [11]). This observation is
consistent with the cc modeling (see below), which pre-
dicts splittings below the experimental resolution for the
later two resonances. The experimental doublet split-
tings δess = (B
e
+1 + B
e
−1)/2 − Be0 and triplet splittings
δesr = B
e
−1 −Be+1 are summarized in Table I.
The observed widths of all the p-wave FRs are around
10 mG. To resolve such narrow loss features, we refine
the step size of the magnetic field from 8 mG to 2 mG
and increase the number of repetitions at magnetic fields
around the resonances. However, the observed widths are
much larger than the calculated widths of the two-body
collision rate peaks ( 1 mG) deduced from the cc calcu-
lation and have thus to be attributed to the thermal en-
ergy distribution of the atoms, magnetic field variations
over the size of the cloud, and short-term field fluctua-
tions.
Measurements at higher ensemble temperatures show a
broadening of the loss features and a shift of the loss cen-
ters towards higher fields. The temperature-dependence
of Be0 and δ
e
sr is shown for the 663-G resonance in Ref.
[11]. The broadening, due to an increased thermal en-
ergy distribution, then leads to an unresolvable mN = ±1
splitting. Therefore, it is essential to measure at ultralow
temperatures to resolve the splitting. On the other hand,
at lower temperatures, the rotational barrier suppresses
the p-wave scattering cross section σp ∝ T 2 [15], resulting
in loss being dominated by the finite s-wave cross-section,
single species loss mechanisms such as Cs three-body re-
combination, or the lifetime of the sample in the optical
dipole trap. The experimental parameters were chosen
to ensure that the splitting is well resolved while main-
taining a sufficiently large interspecies loss rate.
The ss interaction is described by the following oper-
3Table I. Multiplet splitting in Li-Cs p-wave FRs observed at the magnetic field Be0 . δ
e
ss and δ
e
sr are the measured splittings due
to the ss and sr interaction, respectively. The numbers in brackets give the uncertainties in the determination of Be0 , δ
e
ss, and
δesr. The systematic uncertainty is shown for B
e
0 in the second bracket. The corresponding theoretical values δ
cc
ss and δ
cc
sr are
obtained from the cc scattering calculation for a relative kinetic energy corresponding to the temperature of 430 nK as in the
experiment. ∆Ess and ∆Esr are the calculated energy differences by the ss and sr interactions.
Entrance channel Be0 (G) δ
e
ss (mG) δ
cc
ss (mG) ∆Ess (h×MHz) δesr (mG) δccsr (mG) ∆Esr (h×MHz)
Li|1/2,+1/2〉 662.822(3)(16) 224(4) 228.5 0.70 20(6) 17 0.052
⊕ Cs|3,+3〉 713.632(4)(16) 422(5) 419.5 1.19 -a 9 0.026
Li|1/2,−1/2〉 658.080(10)(16) 75(12) 81.5 0.27 24(14) 25 0.082
⊕ Cs|3,+3〉 708.663(3)(16) 228(4) 232.5 0.71 20(4) 17 0.052
764.201(1)(16) 421(1) 423 1.20 -a 10 0.028
a No splitting is observed.
ator separating the spatial and spin degree of freedoms
[7]
Hss = 4λ(R)
2∑
q=−2
(−1)q(Rˆ⊗ Rˆ)(2)−q(s1 ⊗ s2)(2)q , (1)
where Rˆ is the unit vector along the internuclear axis and
si (i = 1, 2) are the atomic electron spins. (Rˆ ⊗ Rˆ)(2)−q
and (s1 ⊗ s2)(2)q are rank-2 irreducible tensors formed
from two vectors [16] acting on the partial-wave com-
ponents |N,mN 〉 and the spin states |S, Sz〉, respec-
tively. Here Sz is the projection of the total electron
spin S onto the external magnetic field. Diagonal parts
〈1,mN |(Rˆ⊗ Rˆ)(2)0 |1,mN 〉 account for the doublet split-
ting, e.g. 25
√
2
3 for mN = 0 and − 15
√
2
3 for mN = ±1,
which leads to an energy difference of
∆Ess =
2
5
〈λ(R)〉 〈3S2z − S2 − 1〉 (2)
between mN = 0 and mN = ±1 components. Here,
〈λ(R)〉 and 〈3S2z − S2 − 1〉 are calculated by the spatial
and spin parts of the close-channel wave-function. Off-
diagonal parts in mN (q 6= 0 in Eq. 1) are too small at
high magnetic fields to cause a significant splitting of the
mN = ±1 components (see Ref. [17] at low magnetic
fields).
In the cc calculation, the function λ(R) in atomic units
λ(R) = −3
4
α2
(
1
R3
+ aso1 exp(−b1R) + aso2 exp(−b2R)
)
includes the mDDI [18, 19] with a 1/R3 functional form
and the second-order so interactions with biexponential
R-functions [20, 21], dominating the ss interaction at
large and small R, respectively. α is the fine-structure
constant and asoi and bi are adjustable parameters. By
fitting the observed doublet splittings δess to a full cc
model (see Table I), we determine the parameters in the
function above to be: aso1 = −1.99167, b1 = 0.7, and
aso2 = −0.012380, b2 = 0.28. The observed ss split-
tings correspond to 〈λ(R)〉 ∼2.5 MHz (in units of h),
about 0.01 of the rotational energy B = 〈h¯2/(2µR2)〉 ∼
288 MHz with the reduced mass µ. The ratio λ/B is
about 10 ∼ 100 in deeply bound 3Σ molecules [4].
To model the observed triplet structures in the p-wave
FRs, we include the sr coupling in the Hamiltonian tak-
ing the form
Hsr =
γ
2µR2
S ·N (3)
with the dimensionless sr coupling parameter γ. Here,
S and N are the total electron spin and molecular rota-
tion angular momentum, respectively. At high magnetic
fields both N and mN are nearly conserved and only the
diagonal matrix elements inmN of Eq. (3) contribute sig-
nificantly. The diagonal terms read γ h¯
2
2µR2SzmN which
leads to an energy splitting of
∆Esr = 2γB 〈Sz〉 (4)
between mN = +1 and mN = −1 component, where Sz
is the projection of S along the external magnetic fields
and 〈Sz〉 is its expectation value in the closed channel.
This energy difference will be translated into the observed
splitting δesr by the differential magnetic moments be-
tween closed and open channel.
As compared in Table I, within the experimental un-
certainties both the observed doublet (ss) and triplet (sr)
splittings are reproduced very well by the cc calculation
including the Hamiltonians (1) and (3). We emphasize
that the cc calculations need to be performed at spe-
cific experimental temperatures for the comparison with
experiments due to the observed temperature-dependent
splittings [11]. In the table we also give the energy differ-
ences ∆Ess of Eq. (2) and ∆Esr of Eq. (4). Variations of
the observed splittings among the five p-wave FRs arise
from different singlet/triplet characters, thus leading to
different values of 〈3S2z − S2 − 1〉 in Eq. (2) and 〈Sz〉
in (4). For the 714 G and 764 G resonances, our model
predicts a small splitting between mN = ±1 components
4of roughly 10 mG, which is of the same size as the width
of the observed loss features. Therefore, the two pro-
files overlap and can not be resolved under the current
experimental conditions. In future experiments at lower
temperatures with increased homogeneity and stability
of the magnetic field this splitting might become observ-
able.
To further justify the inclusion of sr coupling into our
model, we checked if alternative extensions of the Hamil-
tonian need to be included to quantitatively describe
the observed splittings, e.g. the rotational Zeeman ef-
fect or the molecular anisotropy of the electron g-tensor
with respect to the molecular axis as discussed for other
molecules (see, for example, the case of O2 [22]). The ro-
tational Zeeman effect will give a splitting proportional
to mN but very little dependence on the electron spin be-
cause its coupling to the rotation is too weak. Yet, the ob-
served splitting significantly depends on the spin, which
indicates that the rotational Zeeman effect does not pro-
vide a major contribution. The anisotropy of the elec-
tron g tensor results also from the so interaction. Thus,
it could yield a small contribution comparable to the sr
interaction. However, when we run fitting routines in-
cluding this effect, the resulting magnitude equals about
10 % of the free electron’s g factor, which is unphysically
large. Thus, we conclude that the sr coupling is sufficient
to quantitatively describe our experimental findings.
From the cc calculations we determine the value of sr
coupling parameter as |γ| = 0.566(50)×10−3. For a com-
parison, typical values of γ in low-lying vibrational states
of triplet diatomic molecules range from 10−2 to 10−3 [4].
The sign of γ cannot be determined from our data since
changing the sign of all mN , and simultaneously the sign
of γ, does not change the overall quality of the fit. A
positive γ is assumed for the assignments of mN given in
Fig. 1 and the values of δ
e/cc
sr and ∆Esr listed in Table I.
Including the second-order effect, especially at short
range, is essential to describing the observed ss and sr
splittings quantitatively. The ss interaction results from
a competition between the mDDI, dominating at long
range, and the second-order so coupling, contributing
significantly at short range only, due to their opposite
signs in λ(R) [λ(R) = 0 at R ≈ 13.9 a0]. Here a0 is the
Bohr radius. In Ref. [11] we have estimated the first-
and second-order contributions to the sr coupling by as-
suming that only the Coulomb interactions between two
atoms slightly perturb the atomic wave functions, which
is a good assumption for R > RLR ≈ 20 a0, the so-
called LeRoy radius [23]. In this model, the first-order
effect scales as R2 after being weighted by the nuclear
wavefunction, while the second-order one scales as R−3.
However, the resulting value of γ is much smaller than
the actual one, indicating that contributions, especially
the second-order ones, at R < RLR are dominating. The
estimate of both the first- and second-order effects at
small R requires ab-initio calculations [20, 21]. The large
second-order contribution in the Li-Cs system is due to
the combination of a small reduced mass, giving rise to
fast molecular rotation, and the large Cs so interaction
in the excited states. As a consequence, non-negligible sr
coupling is also expected for other light-heavy bi-alkali
systems, like Li-Rb.
In conclusion, by combining high-resolution Feshbach
spectroscopy and cc calculations we have revealed the ef-
fect of sr coupling giving rise to a lifting of the |mN | = 1
degeneracy in p-wave Feshbach resonances. While this ef-
fect is well established in molecular physics, it was not an-
ticipated to be of significance for extremely weakly bound
molecular states. Our analysis highlights the importance
of short-range contributions to the observed resonance
splittings. By improving the magnetic-field resolution
and stability as well as lowering the sample tempera-
ture, one can further increase the resolution and thus ex-
plore the structure of the electron wavefunction at short
range. Such studies might reveal additional contributions
of electron-electron and electron-nuclei correlations, es-
pecially for FRs occurring at very low magnetic fields.
Investigations might also be extended to more deeply
bound molecular states by increasing the magnetic-field
strength. Triplet splittings should also be present for p-
wave FRs in spin-polarized Fermi gases. The observed
lifting of the degeneracy of the mN = ±1 states at high
magnetic fields then provides the possibility to fully con-
trol the rotational angular momentum N and its projec-
tion mN in the scattering process by external magnetic
fields combined with optical methods [24] or appropri-
ate trap geometries [25]. Such control might give rise to
novel phases and phase transitions in p-wave superfluid
[26, 27], reminiscent to the broken-axisymmetry phase in
spinor BECs [28].
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